H3K27me3
Introduction
PcG proteins, initially shown to maintain the heritable repression of transcription of homeotic genes in Drosophila [1] [2] [3] , play an important role in controlling the expression of genes essential for development, differentiation and maintenance of cell fate [4, 5] . The highly conserved PcG proteins form multi-protein complexes that occupy selected sites on the chromatin. Among PcG proteins, polycomb repressive complex (PRC) 1 and 2 have been the focus of investigation [6, 7] . In Drosophila, PRC2 contains the Enhancer of zeste (E(z)), Suppressor of zeste 12 (Su(z)12), Extra sex combs (Esc) and Chromatin assembly factor 1 (Caf1). The E(z) catalytic subunit catalyzes H3K27me2/3 depending on Su(z)12 and Esc [8] . PRC1 has four core proteins: Pc, Polyhomeotic (Ph), Sex combs extra (Sce, also known as dRing) and Posterior sex combs (Psc) in Drosophila. Pc can specifically recognize H3K27me3 through its chromodomain, and recruit other components to selected chromatin sites [9, 10] , although H3K27me3-independent recruitment of PRC1 has also been reported in mammals [7, 11] . It is generally considered that PRC1 maintains the repression of their targets by either catalyzing H2A mono-ubiquitination [12] or inducing local chromatin condensation [13] [14] [15] [16] .
The majority of reports indicate that PcG proteins play repressive roles in transcriptional regulation [17, 18] . However, several isolated studies in Drosophila and mammals suggest a positive regulatory role of PcGs in transcription [19] [20] [21] , but the underlying mechanism is largely unknown. Most of these studies have focused on the positive role of PcGs during carcinogenesis [22] [23] [24] [25] [26] , whereas such regulation during normal development has been poorly investigated [27] [28] [29] .
To explore the positive regulatory role of PcGs in gene expression and its underlying mechanism during development, we focused on Drosophila PRC1 and PRC2, which has a simpler complement of PcG proteins than mammals. We first searched for highly conserved genes involved in the developmental control of Drosophila that are positively regulated by Pc, and found several genes, including Sens, Rosy (Ry) and Serpin 100A (Spn100A) in our analysis. Pc positively regulates Sens in a PRC2/ H3K27me3-dependent manner. Further investigation showed that Pc functions together with PR-Set7 (also known as SET8) to regulate Sens transcription by modulating H4K20me1. Bioinformatic analysis revealed that H4K20me1 acts as a selective mark for negative or positive transcriptional regulation by Pc/H3K27me3. In addition, the Br-binding motif was identified in Pc + H3K27me3 + H4K20me1 + genes. We found Br forms a complex with Pc, prefers to bind to Pc + H3K27me3 + H4K20me1 + genes than Pc + H3K27me3 +
H4K20me1
-genes, and positively regulates the transcription of Sens, Ry and Spn100A. Our study reveals a multilevel engagement of transcriptional regulators and epigenetic marks that together underpin the Pc-mediated positive transcriptional regulation.
Results

Pc binding positively correlates with Sens transcription in developing Drosophila wing discs
To explore novel targets positively regulated by Pc in Drosophila, uas-dsRNA of Pc driven by Act5c-Gal4 was employed to knock down expression of Pc throughout the fly. Wing discs from third instar larvae were dissected for mRNA extraction and sequencing (RNA-seq). The mRNA levels of Sens and some other highly conserved genes involved in developmental control, such as Ry and Spn100A, were significantly decreased when Pc expression was reduced, while mRNA of Ultrabithorax (Ubx), a classical target repressed by Pc in the wing discs, was dramatically increased as expected [30, 31] (Figures 1A-1C and 4D) . Sens is a downstream target gene of the Wnt signaling pathway and encodes a C2H2-type zinc-finger transcription factor that is essential for development of sensory organ precursors in both the embryo and the imaginal disc [32] . We thus focused on the transcriptional regulation of Sens.
To confirm this effect of Pc on the expression of Sens, we performed immunostaining with an anti-Sens antibody [32] . Knockdown of Pc led to an upregulation of Ubx (Supplementary information, Figure S1A -S1B''), but significantly repressed the expression of Sens ( Figure  1E -1F'''). Consistent with these results, Ubx was activated while no obvious Sens protein was detected in Pc XT109 null clones ( Figure 1G -1H' and Supplementary information, Figure S1C -S1D'). To examine whether Pc was directly involved in the transcriptional regulation of Sens, we performed a chromatin immunoprecipitation (ChIP) assay with an anti-Pc antibody, followed by quantitative polymerase chain reaction (qPCR). We found that Pc bound to Sens locus in the wing disc ( Figure 1D ), suggesting that Pc binding positively correlates with Sens transcription in developing Drosophila wing disc.
Hierarchically recruited PcGs are essential for the transcription of Sens
Previous studies have established a hierarchical recruitment model of PcG-mediated gene repression [6, 33] . H3K27me3 is catalyzed by PRC2 [34] [35] [36] [37] , and Pc can specifically recognize H3K27me3 through its chromodomain [38] and recruit other components of PRC1 to selected chromatin sites [9] to repress the expression of its target genes. Ile69 and Asp70 in Pc chromodomain are essential for the function of Pc both in vitro and in vivo as revealed by the phenotype of their deletion [39, 40] . We asked whether the positive transcriptional regulatory role of Pc on Sens also requires its chromodomain. Over-expression of wild-type (WT) Pc did not significantly affect Ubx expression, whereas Pc ∆69-70 induced an ectopic expression of Ubx (Supplementary information, Figure S2A -S2B'), indicating that Pc ∆69-70 has a dominant negative effect. Expression of Sens was not altered by the over-expression of Pc WT but was dramatically repressed by the over-expression of Pc Figure 2A -2B'), indicating that the chromodomain is essential for Sens expression during the development of the wing disc. This prompted us to investigate whether Pc positively regulates Sens transcription in an H3K27me3-dependent manner using a ChIP-qPCR assay with an anti-H3K27me3 antibody. We detected a relatively strong H3K27me3 signal in the promoter and gene body of Sens, but a relatively weak signal around its and Ubx (C) in Act5c-Gal4 or Act5c-Gal4/uas-dsRNA Pc (labeled as Pc RNAi) wing discs. (D) ChIP-qPCR analysis using control IgG (grey) or anti-Pc antibody (black) with WT wing discs. Upper panel illustrates the positions of primers used for the qPCR assay at the Sens locus. In the lower panel, ChIP signal magnitudes are represented as percentages of input chromatin. RPII140 [37] and Ubx [62] served as negative control and positive control, respectively. (E-F''') Wing discs with indicated genotypes were immunostained with anti-Sens antibody (red), anti-Ci antibody (green) and anti-Pc antibody (blue). The Ci-negative region defines the posterior (P) compartment, where Hh-Gal4 drives the expression of uas-dsRNA Pc. Dashed lines mark the anterior-posterior boundary. Sens is expressed along with the dorsal-ventral boundary and this expression is reduced dramatically in the P compartment where Pc is knocked down specifically. (G-H') Immunostaining of a WT wing disc (G-G') and a wing disc with chimeric Pc XT109 null clones (H-H') using anti-Sens antibody (red). Sens staining is significantly reduced in the Pc-deficient region marked by dashed lines (GFP negative). Means ± SD; n = 3. ***P < 0.001. Unpaired, two-tailed Student's t-test. See also Supplementary information, Figure S1 . Figure 2C ). This suggests that H3K27me3 is directly involved in the transcriptional regulation of Sens.
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To further investigate the role of the H3K27me3 modification in the transcription of Sens, we knocked down E(z), the histone methyltransferase in PRC2 that catalyzes H3K27me3, and examined Sens expression. Depletion of E(z) decreased H3K27me3 levels and Sens expression in vivo (Supplementary information, Figure S2C -S2D'''). Consistent with this result, RT-qPCR showed that mRNA levels of E(z) and Sens were decreased whereas that of Ubx was increased upon suppression of E(z) ( Figure 2D -2F). These observations were further confirmed in E(z) 731 mutant clones, where H3K27me3 levels and the expression of Sens were reduced, whereas the expression of Ubx was increased ( Figure 2G -2H' and Supplementary information, Figure S2E -S2E'). Furthermore, dramatic reduction in both the H3K27me3 levels and Sens expression was observed in clones of Su(z)12 4 ( Figure 2I -2J' and Supplementary information, Figure S2F -S2F'), a gene essential for the histone methyltransferase activity of E(z) in catalyzing H3K27me3 [41] [42] [43] . These results together suggest that Pc positively regulates transcription of Sens by recognizing H3K27me3 modification catalyzed by the intact PRC2.
Pc positively regulates Sens expression by regulating H4K20me1 catalyzed by PR-Set7
To probe the underlying mechanism by which Pc positively regulates Sens transcription, we performed an RNAi screen for epigenetic regulator(s) of Sens, and found PR-Set7, the only known enzyme catalyzing H4K20me1 in Drosophila [44] [45] [46] , as a strong candidate. Immunostaining showed that H4K20me1 was decreased dramatically upon PR-Set7 depletion, and Sens expression was also significantly reduced (Supplementary information, Figure S3 ). Furthermore, a mutant allele of PRSet7 resulted in a dramatic reduction in the H4K20me1 levels and Sens expression ( Figure 3A -3A'''). In addition, RT-qPCR showed that the mRNA level of Sens was decreased upon PR-Set7 knockdown ( Figure 3B-3C ). These results indicate that PR-Set7 positively regulates Sens transcription in Drosophila wing disc. Consistently, PR-Set7 has been reported to activate Wnt signaling in zebrafish and mammalian cell lines [47] .
Since H4K20me1 is reduced in PR-Set7 mutant clones, and H4K20me1 is important for transcriptional regulation [47] [48] [49] [50] , we asked whether PR-Set7 regulates transcription of Sens through H4K20me1 modification at the Sens locus. ChIP-qPCR of the wing disc with anti-H4K20me1 antibody showed a strong H4K20me1 signal in the gene body of Sens, and this modification was decreased upon depletion of PR-Set7 ( Figure 3D ). These results suggest that PR-Set7 regulates Sens expression by catalyzing H4K20me1 at the Sens locus.
Next, we asked if there is any functional interaction between Pc and PR-Set7 in modulating the transcription of Sens. First we tested whether H4K20me1 catalyzed by PR-Set7 at the Sens locus is affected by Pc. ChIP-qP-CR results showed that H4K20me1 was dramatically reduced in the gene body of Sens upon Pc knockdown ( Figure 3E ), suggesting that both Pc and PR-Set7 are required for H4K20me1 at the Sens locus, and that Pc is functionally associated with PR-Set7 in regulating Sens transcription. We then asked whether Pc physically interacts with PR-Set7, and indeed, this was confirmed using co-immunoprecipitation (co-IP) ( Figure 3F ). Further domain mapping suggest that PR-Set7 interacts with Pc mainly through its middle part adjacent to the catalytic SET domain [44, 45] (Figure 3G-3H ). In addition, Pc and PR-Set7 in cell nuclear extract could be co-eluted in a gel filtration assay ( Figure 5E ), further supporting the physical interaction between these two proteins. Taken together, these results indicate that Pc regulates transcription of Sens by promoting PR-Set7-mediated H4K20me1 at the Sens locus.
H3K27me3, Pc and H4K20me1 function together to positively regulate common genes encoding developmental regulators
We next explored if what we show above represents a general mechanism regulating other genes in addition to Sens. First we combined the ChIP-seq data for H4K20me1 generated in this study with the ChIP-chip data for Pc and ChIP-seq data for H3K27me3 reported previously [21, 51] . A total of 1 051 genes were chosen for the subsequent analysis since they seem to be the targets of both PRC2 and PRC1, i.e., regulated by the hierarchically recruited PcG proteins ( Figure 4A , Pc + H3K27me3 + genes). We divided these genes into two sets based on the status of H4K20me1: 613 genes in the first set were Pc + H3K27me3 + H4K20me1 + , and 438 genes in the second set were Pc
We also classified every gene in the genome as either a silent gene or an expressed gene according to the abundance of its mRNA in the wing disc. Figure S4A ). Moreover, the average expression levels of Pc + H3K27me3 + and 
H4K20me1
− genes tend to be repressed by Pc in the wing disc ( Figure 4C ). Collectively, these data indicate that Pc, H3K27me3 and H4K20me1 are three key factors that function together to activate gene transcription. This effect of Pc in promoting the transcription of a subset of target genes (Pc 
− genes are homeobox and DNA binding (Supplementary information, Figure S4B ), suggesting that Pc and H3K27me3 are involved in different biological processes in the wing disc by differentially controlling the expression of distinct target genes. Of note, the canonical PcG target genes, such as Ubx, Abdominal A (Abd-A) and Abdominal B (Abd-B) are mainly involved in development, we selected several highly conserved regulators of development to strengthen our observation. RT-qPCR analysis confirmed that these genes were positively regulated by E(z), Pc and PR-Set7 ( Figure 4D ). ChIP-qPCR showed strong signals for H4K20me1 at these gene loci (Supplementary information, Figure S4C ), and Pc knockdown dramatically decreased H4K20me1 levels ( Figure 4E ). Taken together, these results indicate that Pc positively regulates a subset of targets via H4K20me1. Taking into account that Spn100A is actively and ubiquitously transcribed in entire wing pouch of WT 3 rd instar larvae (Supplementary information, Figure S4D ), and Pc knockdown reduced Spn100A mRNA level ( Figure 4D and Supplementary information, Figure S4E ), we conclude that Pc can bind to actively transcribed genes and positively regulate their transcription by modulating H4K20me1. Of note, we have observed similar regulatory mechanism for Sens in salivary gland where Sens is actively expressed in every cell, and for a subset of Pc target genes in S2 cell line (Supplementary information, Figure S4F-S4M) . and different fragments (G) . The SET domain that catalyzes H4K20me1 is located in the C-terminal (C) part of PR-Set7, while no significant domain is in the N-terminal (N) and middle (M) regions. A co-IP-WB shows that PR-Set7 interacts with Pc mainly through its M region (H). Means ± SD; n = 3. n.s., no significant difference. *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired, two-tailed Student's t-test. See also Supplementary information, Figure S3. against the enrichments of H4K20me1, Pc, H3K27me3 and RNA Pol II at their loci ( Figure 5A ). As expected, the RNA Pol II signal mainly appeared around the TSSs, and exhibited positive correlations with gene expression levels. The RNA Pol II signal was markedly enriched in the Pc + H3K27me3 + H4K20me1 + gene set, consistent 
− genes tend to be repressed by Pc in the wing disc. (D) RT-qPCR analysis of mRNA levels of E(z), Pc, PR-Set7, Ry, Spn100A and Sens in Act5c-Gal4 or Act5c-Gal4/uas-dsRNA E(z)/Pc/PR-Set7 wing disc. (E) A ChIP-qPCR analysis using anti-H4K20me1 antibody with control or Pc RNAi wing discs at Ry, Spn100A and Sens loci. ChIP signal levels are represented as percentages of input chromatin. The signal levels in control wing discs are defined as 1, and the fold change is shown. Means ± SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired, two-tailed Student's t-test. See also Supplementary information, Figure S4 . Figure S4A ). Meanwhile, the H4K20me1 modification was mostly enriched across the gene body but not at the promoter and was at a very low level around the TSS. More importantly, the Western blots were performed to analyze the presence of Flag-, V5-or Myc-tagged proteins. (E) Gel filtration chromatography on a Superose 6 column and western blot of Cl-8 nuclear extract. Molecular weight standards are shown on top (in kDa). Means ± SD; n = 3. *P < 0.05, **P < 0.01. Unpaired, two-tailed Student's t-test. See also Supplementary information, Figure  S5 . H4K20me1 signal at the gene body positively correlated with the transcription level of the target genes ( Figure  5A ).
In contrast, the intensity of H3K27me3 modification negatively correlated with the transcription levels of target genes ( Figure 5A ), which is consistent with previous studies [52] [53] [54] [55] . Furthermore, we noticed that the H3K27me3 signal patterns differed in these two gene sets, which is an interesting but unexpected phenomenon. The average enrichment of H3K27me3 at the Pc + H3K27me3 + H4K20me1 − gene loci was higher, and the modification was distributed almost evenly throughout the promoter and gene body. In contrast, the levels of H3K27me3 modification were generally lower in the Pc + H3K27me3 + H4K20me1 + genes, and such modification mainly occurred at the promoter regions but not the TSSs, especially for those genes with high and median expression levels ( Figure 5A ). Another study in mammalian cells also found a similar phenomenon [56] .
We found that Pc signals tended to peak around TSSs in the Pc + H3K27me3 +
+ genes, whereas at the gene bodies the Pc signals were significantly reduced; but, interestingly, this reduction was not significant in the Pc + H3K27me3 +
− genes ( Figure 5A ). In addition, the ratio of the Pc signal around TSS to that at the gene body (Pc promoter /Pc gene body ) positively correlated with the gene's expression level ( Figure 5A ). Taken together, these observations indicate that not only the intensities but also the specific patterns of Pc binding and of H3K27me3 and H4K20me1 modifications are important for the control of the target gene expression.
To further explore the mechanism of Pc-mediated positive regulation of gene transcription, we performed motif analysis. We found a significant enrichment of the binding motif for transcription factors Br and Forkhead (FkH) [57, 58] 
− genes (Supplementary information, Figure S5A ), supporting a hypothesis that the binding of Br is important for transcriptional regulation of Pc, H3K27me3 and H4K20me1 co-targets.
Since FkH is not expressed in the wing disc (data not shown), we next tested whether Br could regulate expression of Sens. Knockdown of Br indeed decreased Sens protein level (Supplementary information, Figure S5B -S5C'), and the mRNA levels of Sens, Ry and Spn100A were decreased upon Br suppression ( Figure 5C ). We next revealed that Br physically associated with Pc and PR-Set7 in a co-IP assay ( Figure 5D ), and this observation was confirmed by a gel filtration assay showing that Br, Pc and PR-Set7 could be co-eluted ( Figure 5E ).
These results suggest that Br binding may determine the regulatory outcome of Pc on transcription. Br binding is positively correlated with H4K20me1 levels, and also the transcription levels of Pc + H3K27me3 + H4K20me1 + target genes in the wing disc, revealing Br binding as another layer of regulation in Pc-mediated transcriptional control. Thus Pc functions together with specific transcription factors such as Br, and epigenetic enzymes such as PR-Set7, to positively regulate gene transcription.
Discussion
Recently, Dr Reinberg and colleagues reported that PRC1-AUTS2 activates the cell-based luciferase reporter directly, and regulates the transcription of several neuronal genes in mouse central nervous system [60] , supporting our notion that Pc can directly and positively regulate the transcription of a subset of its direct target genes, which, in our case, are Pc + H3K27me3 + H4K20me1
+ genes involved in the developing Drosophila wing disc. However, how PRC1 attains the target specificity for activation or repression remains largely unknown. Our study reveals a hierarchical and combinatorial recruitment of transcriptional regulators and epigenetic marks that ultimately determines the outcome of Pc-mediated transcriptional regulation. We base our conclusion on the following experimental observations. First, the expression levels of Pc + genes are a different subset of PcG targets, whose transcription requires the direct regulation of Pc. Fourth, the intensities and specific patterns of Pc and H3K27me3 in these two sets of genes suggest that they act as another selective mark to affect Pc function. Fifth, the transcript factor Br specifically binds to Pc + genes.
Materials and Methods
RT-qPCR and RNA-seq
Wing discs with indicated genotypes were lysed in TRIzole (Invitrogen) for total RNA isolation following standard protocol. For RT-qPCR, 0.5 µg RNA was used for reverse transcription with ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, FSQ-301). Real-time PCR was performed on CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with SYBR ® Green Realtime PCR Master Mix (TOYOBO, QPK-201). The 2 −∆∆Ct method was used for quantification. The primer pairs used are listed in Supplementary information, Table S1 . RNA-seq experiments were performed using total polyA mRNA isolated from both WT and knockdown samples as described previously [61] with some modification. Briefly, 10 ng mRNA was extracted from Act5c-Gal4 or Pc knockdown sample of Drosophila wing disc and enriched using polyT beads, and was converted into cDNA, which was fragmented and sequenced from single end on Illumina HiSeq 2000.
ChIP-qPCR and ChIP-seq
ChIP assays were performed as previously described [62, 63] with modification. Briefly, 3
rd instar larvae with indicated phenotypes were dissected in PBS and, after removing the guts and fat body, the carcasses with discs still attached were cross-linked for 20 min at room temperature in 1 ml 1% formaldehyde in PBS buffer. The cross-linking solution was changed three times during fixation and, after final change, cross-linking was stopped by washing for 10 min in 1 ml PBS/0.01% Triton X-100/0.125 M glycine. Then, fixed carcasses were washed for 10 min in 1 ml PBS/0.01% Triton X-100 for three times. Wing discs were hand-dissected in PBS and pooled. Sonication of discs was performed in 200 µl sonication buffer (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, pH 8.0, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and proteinase cocktail) with a Bioruptor sonicator. The sonication yielded genomic DNA fragments with an average size of about 250 bp. After centrifugation, lysates were incubated with 2 µg antibody for 4 h (or overnight); 20 µl protein A/G PLUS agarose (Santa Cruz) was then added and incubated for another 4 h (or overnight) on a rotator at 4 °C. Beads were washed three times with the ChIP wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, pH 8.0, 150 mM NaCl, and 20 mM Tris-Cl, pH 8.0), and then washed with ChIP final wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, pH 8.0, 500 mM NaCl, and 20 mM Tris-Cl, pH 8.0). Genomic DNA was eluted with elution buffer (1% SDS and 100 mM NaHCO 3 ) at 65 °C for 30 min. 5 M NaCl was added to a final concentration of 200 mM for further incubation at 65 °C for 4 h or overnight. Then, 0.5 M EDTA and 20 mg/ml proteinase K were added until their final concentrations were 5 mM and 0.25 mg/ml, respectively. The resulting mixture was incubated at 55 °C for 2 h to digest the protein. Genomic DNA was purified with a DNA purification kit (QIAGEN) and sent for real-time PCR or sequencing. Antibodies used were rabbit anti-Pc antibody (Santa Cruz), rabbit anti-H3K27me3 antibody (Millipore), rabbit anti-H4K20me1 antibody (Abcam) and control rabbit IgG (Santa Cruz). Primer pairs used in this study are listed in Supplementary information, Table S2 . ChIP-seq experiments were conducted as previously described with some modifications [64] . Briefly, 10 ng ChIP-enriched genomic DNA with anti-H4K20me1 antibody was used for library preparation and sequenced from single-end on Illumina HiSeq 2000.
ChIP-seq and RNA-seq data processing
Both ChIP-seq and RNA-seq reads were mapped to dm3 using bowtie [65] and Tophat2 [66] with default parameters except specifically indicated. For H4K20me1 ChIP-seq, only uniquely mapped and at most three duplicated reads were kept for further analysis. Peaks were identified using SICER [67] with a window size of 200 bp, and gap size of 400 bp and E value of 0.01. Peaks were annotated to dm3 refSeq genes using an in-house program with promoters extended to 2 kb upstream from TSSs. Co-targeted genes were defined as genes that have H4K20me1, Pc and H3K27me3 peaks in their gene bodies or promoter regions. ChIPseq reads were extended to 200 bp and then converted into the bedGraph format and normalized by the total number of reads to generate genome-wide binding profiles, and then used to calculate average modification levels for different gene expression groups and to generate heat maps. Motifs were searched for using an online tool, RSAT [68] , in different sets of genes. For RNA-seq datasets, reads were first mapped to the refSeq transcriptome and the left parts were then mapped to the genome. Reads that mapped to more than 5 locations were excluded. Gene expression levels were calculated using cufflinks [66] and GSEA was performed as reported previously [69] . 
DNA constructs
Cell culture, transfection, immunoprecipitation, gel filtration and western blot analysis
Drosophila wing disc-derived Cl-8 cells and Drosophila embryo-derived S2 cells were cultured following standard protocols. Specifically, S2 cells were cultured at 25 °C in Schneider's Drosophila Medium (Invitrogen) with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 µg/ml of streptomycin. Transfection, immunoprecipitation (IP) and western blot (WB) analysis were carried out using standard protocols. Specifically, we used the Calcium Phosphate Transfection kit (Specialty Media) following manufacturer's instructions. IP was performed at 4 °C. Cells were lysed in standard NP-40 buffer; lysates were first incubated with 2 µg of antibody for 2 h and then with 20 µL protein A/G PLUS agarose (Santa Cruz) for 1 h. Beads were washed three times and boiled in SDS loading buffer. Cl-8 cell nuclear extract was subjected to gel filtration (Superose 6 HR column, GE Healthcare) as reported previously [70] after WB. Anti-Pc and anti-Myc antibodies used for co-IP-WB were purchased from Santa Cruz and Sigma, respectively. An anti-PR-Set7 antibody (which was generated in this study by using the 345-691 aa of PR-Set7 as an antigen to elicit the immune response in the rabbit, ABclonal technology) was generated in this study. Anti-Br antibody was purchased from DSHB.
Drosophila strains
Fly stocks used in this study were maintained under standard culture conditions. AP4, AP4GFP, Hh-Gal4 and AG4 have been described (flybase). Pc
XT109
, E(z) 731 and Su(z)12 4 are gifts from Dr Rongwen Xi at NIBS [71] . PR-Set7 EY04668 (B15761), uas-dsRNA Pc (32443R-4), uas-dsRNA E(z) (6502R-4) , uas-dsRNA PR-Set7 (3307R-1), uas-dsRNA Br (V38526) and Act5c-Gal4 (B4414) were obtained from Bloomington, NIG or VDRC. The attp40-Pc WT and attp40-Pc ∆69-70 transgenes were generated with a P element-mediated insertion at the 25C6 site (attp40) in this study. Mutant clones were generated with Flp-mediated mitotic recombination. In order to generate large clones, the Minute technique was applied [72] . With this method, suitable Pc
, E(z) 731 , Su(z)12 4 and PRSet7
EY04668 clones were generated to analyze the expression levels of the indicated genes.
Immunostaining of the wing disc 3 rd instar larvae wing discs were dissected for immunostaining using the standard protocol as reported previously [73, 74] . Larvae with indicated genotypes were fixed in 4% formaldehyde in PBS buffer, washed and incubated with a specific combination of primary and secondary antibodies in PBS/0.1% Triton X-100, and mounted in 40% glycerol. Pictures were taken with the confocal microscope (LAS SP8; Leica) using a 40×/1.25 NA oil objective (Leica). Antibodies used in this study were rat anti-Ci antibody (DSHB), rabbit anti-Pc antibody (which was generated in this study by using the peptide RKAEVLKESGKIG), mouse anti-Ubx antibody (DSHB), guinea pig anti-Sens antibody (a kind gift from Dr Hugo J Bellen), rabbit anti-H3K27me3 antibody (Millipore), mouse anti-CD2 antibody (AbD Serotec), rabbit anti-H4K20me1 antibody (Abcam), and secondary antibodies were bought from Millipore.
Accession numbers
The RNA-seq and H4K20me1 ChIP-seq datasets were deposited in the Gene Expression Omnibus (GEO) database with accession number GSE59924. Pc and Pol II ChIP-chip datasets are available from GSE42106. H3K27me3 data are available from GSE24115.
